Central neurocytoma (CN) is a rare periventricular tumor, whose derivation, lineage potential, and molecular regulation have been mostly unexplored. We noted that CN cells exhibited an antigenic profile typical of neuronal progenitor cells in vivo, yet in vitro generated neurospheres, divided in response to bFGF (basic fibroblast growth factor), activated the neuroepithelial enhancer of the nestin gene, and gave rise to both neuron-like cells and astrocytes. When CN gene expression was compared with that of both normal adult VZ (ventricular zone) and E/nestin:GFP (green fluorescent protein)-sorted native neuronal progenitors, significant overlap was noted. Marker analysis suggested that the gene expression pattern of CN was that of a proneuronal population; glial markers were conspicuously absent, suggesting that the emergence of astroglia from CN occurred only with passage. The expression pattern of CN was distinguished from that of native progenitor cells by a cohort of differentially expressed genes potentially involved in both the oncogenesis and phenotypic restriction of neurocytoma. These included both IGF2 and several components of its signaling pathway, whose sharp overexpression implicated dysregulated autocrine IGF2 signaling in CN oncogenesis. Both receptors and effectors of canonical wnt signaling, as well as GDF8 (growth differentiation factor 8), PDGF-D, and neuregulin, were differentially overexpressed by CN, suggesting that CN is characterized by the concurrent overactivation of these pathways, which may serve to drive neurocytoma expansion while restricting tumor progenitor phenotype. This strategy of comparing the gene expression of tumor cells to that of the purified native progenitors from which they derive may provide a focused approach to identifying transcripts important to stem and progenitor cell oncogenesis.
Introduction
The ventricular wall of the human forebrain ventricles harbors a persistent pool of neural stem cells that remain mitotic throughout life (Kirschenbaum et al., 1994; Pincus et al., 1997 Pincus et al., , 1998a Roy et al., 2000a; Sanai et al., 2004) , and retain the capacity to produce both neurons and glia (Gage, 2000; Goldman, 2003) . These cells may comprise a major source of tumors of the CNS (Singh et al., 2003 (Singh et al., , 2004 Sanai et al., 2005) , especially in pediatric brain tumors, in which periventricular tumors predominate (Hemmati et al., 2003) . The subependyma also appears to include neuronally restricted progeny of the stem cell pool, at least some of which remain mitotically competent while still within the subependymal compartment (Menezes et al., 1995; Roy et al., 2000a) . These cells may be prospectively identified and isolated from the adult human brain (Roy et al., 2000a) , just as from the brains of lower species. Central neurocytoma (CN) is a rare periventricular neuronal tumor of young adults (Kim et al., 1997; Schild et al., 1997) , whose origin, phenotypic potential, and molecular regulation have remained mostly unexplored, despite an extensive literature attesting to its neuronal antigenicity in vivo (Patt et al., 1996; Tsuchida et al., 1996) , and its production of both neurons and glia in culture (Ishiuchi et al., 1998) . Its neuronal phenotype, along with its typical presentation along the lateral ventricular wall, suggests that neurocytoma originates from subependymal neural progenitor cells. It shares this site of origin with tumors such as primitive neuroectodermal and dysplastic neuroepithelial tumors, as well as subependymomas, each of which exhibit periventricular predominance. Unlike other periventricular tumors, however, neurocytoma cells exhibit a primarily neuronal morphology and antigenicity; they express ␤III-tubulin, N-CAM (neural cell adhesion molecule), neuron-specific enolase, and synaptophysin (Patt et al., 1996; Tsuchida et al., 1996) , prototypic neuronal markers, and present histologically as round-cell tumors, with subependymal neuroblastic morphologies (Akimoto et al., 1995) . The characteristic phenotype and ventricular location of these tumors suggested to us that neurocytoma might arise by the transformation of neuronally biased, transitamplifying progenitor cells of the adult subependyma.
In this set of studies, we compared the lineal relationships and gene expression patterns of central neurocytoma cells to those of native adult human neural progenitor cells. By so doing, we tested the hypothesis that neurocytoma may represent a transformed derivative of neuronal progenitor cells of the adult subependyma.
We found that neurocytoma cells expand as bipotential neuronal-astrocytic progenitor cells in vitro, but are strongly biased toward neurogenesis in vivo. Molecular profiling of neurocytoma, and the comparison of its expression profile to that of neural progenitors sorted from adult human lateral ventricular wall, indicated substantial overlap of neurocytoma and native progenitor cell gene expression. Nonetheless, neurocytoma could be distinguished from native neural progenitor cells by its selective upregulation of a discrete cohort of functionally related transcripts. Most prominent among these were IGF2 and its downstream signal intermediaries, as well as several wnt pathway members that included Frizzled-1 (FZD1) and T cell transcription factor 4 (TCF4), and a select cohort of ligands that included PDGF-D, neuregulin, and growth differentiation factor 8 (GDF8). These findings suggest a causal relationship between dysregulated IGF2 and wnt signaling with the origin and expansion of neurocytoma from native subependymal progenitor cells. These observations further suggest the usefulness of assessing tumor gene expression patterns by normalizing against those of the native stem and progenitor cells from which those tumors might arise, both as a means of assessing tumor ontogeny, and of identifying specific oncogenic targets for therapeutic intervention.
Materials and Methods

Clinical cases
This study included cell culture, histological, and RNA analyses of 11 pathologically confirmed cases of central neurocytoma. Case 1 was obtained for cell culture after resection at New York Hospital-Cornell, cases 2-7 were assessed histologically on retrospective review of cases identified at Columbia Presbyterian Hospital, and cases 8 -11 were identified after resection at the Seoul National University Hospital; the latter were used predominantly for RNA analyses (cases 9 -11). All 11 samples were assessed histologically and antigenically. In addition, non-neoplastic control tissues were obtained from four patients at New York HospitalCornell, who underwent temporal lobectomy for medication-refractory epilepsy.
Immunostaining
Fresh frozen samples were obtained from surgical samples, cryosectioned at 12 m, and mounted onto Superfrost slides. From all samples, biopsies were also fixed in formalin and embedded into paraffin, from which 15 m sections were cut. Representative sections were assessed from each tumor by hematoxylin-eosin, and additional sections were then immunostained for either: synaptophysin [mouse monoclonal antibody (mAb); Chemicon, Temecula, CA], glial fibrillary acidic protein (GFAP) (rabbit polyclonal antibody; Sigma, St. Louis, MO), TuJ-1/␤III tubulin (clone 5G8; Promega, Madison, WI), neurofilament (rabbit polyclonal antibody; Sigma), Hu (mAb 16A11; 25 g/ml; Dr. H. Furneaux, Memorial Sloan-Kettering Cancer Center, New York, NY), CNPase (2Ј,3Ј-cyclic nucleotide 3Ј-phosphohydrolase) (Chemicon), nestin (rabbit anti-human nestin; Dr. U. Lendahl, Karolinska Institute, Stockholm, Sweden), and musashi (rat anti-musashi mAb 14C1; Dr. H. Okano, Keio University School of Medicine, Tokyo, Japan). To determine the mitotic index, MIB-1 (sheep anti-human Ki-67; Serotec, Indianapolis, IN) was used to identify Ki-67. Secondary antibodies were directly conjugated to FITC or Texas Red.
Cultures were fixed with 4% paraformaldehyde and stained as above for either nestin, musashi, TuJ1/␤III tubulin or Hu, or GFAP. Species and idiotype-specific secondary antibodies were directly conjugated with FITC or Texas Red.
Neurocytoma tissue culture
Resected tumor tissue was collected in Ca/Mg-free HBSS, and then cut into small pieces in PIPES solution (120 mM NaCl, 5 mM KCl, 25 mM glucose, 20 mM PIPES), and prepared as described previously (Roy et al., 2000a,b; Lee et al., 2003) . The tissue was then resuspended in DMEM/F-12/N2, containing 5% fetal bovine serum (FBS) (Invitrogen, San Diego, CA), basic fibroblast growth factor (bFGF) (20 ng/ml), and epidermal growth factor (EGF) (10 ng/ml). The cells were plated at 4 ϫ 10 6 cells ⅐ ml Ϫ1 ⅐ well Ϫ1 into six-well Falcon Primaria plates, precoated with collagen IV (Becton Dickinson, Mountain View, CA) or fibronectin (Sigma), and incubated at 37°C in 5% CO 2 . Once 90% confluence was reached, the cells were split and passaged. For generation of neurospheres, the CN cells were plated onto low-cluster plates (Corning, Corning, NY) and cultured under low-adhesive conditions in serum-free DMEM/F-12/N2 supplemented with bFGF (20 ng/ml) and EGF (10 ng/ml).
Isolation of native adult neural progenitor cells
The ventricular zone (VZ) was dissected from four temporal lobectomies resected for medication-refractory epilepsy, as described previously (Roy et al., 2000a,b) . These samples of adult VZ were either directly frozen in liquid nitrogen for subsequent RNA extraction, or dissociated for progenitor isolation via adenoviral E/nestin:green fluorescent protein (GFP)-based fluorescence-activated cell sorting (FACS), also as described previously (Keyoung et al., 2001) . In brief, the papain-dissociated cells were raised in DMEM/F-12/N2 with 20 ng/ml FGF2 for 5-7 d, infected with adenoviral E/nestin:EGFP (enhanced GFP) at 5 multiplicities of infection, and then sorted within a week thereafter for GFP ϩ cells. Fluorescence-activated cell sorting was accomplished using a FACSVantage (Becton Dickinson), at 1000 -3000 cells/s, with a purification-mode algorithm. E/nestin:lacZ transfected cells were used to set the background fluorescence; a false-positive rate of 0.1-0.3% was accepted so as to ensure adequate yield.
[
H]Thymidine incorporation assay
First-passage CN cells were cultured in DMEM/F-12/N2 with 5% FBS in 24-well plates, and then switched to 20 ng/ml bFGF or 10 ng/ml EGF in DMEM/F-12/N2 with 1% FBS, for 1 week in the presence of 3. 
RNA extraction and expression profiling
Neurocytoma specimens were obtained at surgery from three patients; their expression profiles were normalized against those of both ventricular zone tissue and sorted neural progenitors derived from three approximately age-matched samples of freshly resected temporal lobe, taken at epilepsy surgery. RNA was extracted with Trizol (Invitrogen), and then purified using RNeasy (Qiagen, La Jolla, CA), according to the manufacturer's specifications. RNA quality was assessed using either agarose gel electrophoresis or an Agilent Bioanalyzer. A total of 100 ng of total RNA was then amplified using Affymetrix's small sample protocol (GeneChip Eukaryotic Small Sample Target Labeling Technical Note), and 15 g of cRNA was then hybridized on each U133A GeneChip and scanned according to the manufacturer's instructions (Affymetrix, Santa Clara, CA). Image files were processed using MAS5.0 to produce CHP files. Images were masked to remove streaks/smears present, and no scaling of data was performed during analysis. Data were then imported into GeneSpring (7.2; Silicon Genetics, Redwood City, CA) and per chip normalization performed, using the 50.0th percentile of all measurements in that sample. Gene expression ratios in neurocytoma were calculated by normalization against either the median expression level in adult VZ tissue (n ϭ 3) or mean expression level in E/nestin-GFP-sorted progenitors isolated from adult VZ tissue (n ϭ 2). An estimate of expression error was generated using the Rocke-Lorenzato global error model (Milliken and Johnson, 1984) , which takes into account the variability in the expression level of individual genes, compared with that of the entire data set. As a result, lower and more variably expressed genes are given larger error values, and are thus less likely to be deemed significant using our statistical criteria.
Statistical assignment of differential expression in neurocytoma. The global gene list was initially filtered to remove unreliable data by excluding probe sets, which were not deemed "present" by MAS5.0 in every neurocytoma sample. Transcripts deemed significantly enriched in neu-rocytoma against either adult VZ tissue or adult nestin-sorted progenitors were calculated from their expression ratios using a two-sample t test and Rocke-Lorenzato global error model variances (Milliken and Johnson, 1984) . A Benjamini and Hochberg false discovery rate (FDR) of 10% was accepted so as to mitigate the effect of multiple comparisons (Benjamini and Hochberg, 1995) .
Annotation of probe sets. Qualifying probe sets for each gene on the Affymetrix Human U133A chip were identified using annotations available from NetAffx (Affymetrix) and Ensembl (www.ensembl.org/human). Annotation and additional data analysis were then performed within an in-house MS Access database.
Real-time RT-PCR. After RNA extraction, amplified cDNA was generated by Ribo-SPIA whole transcriptome amplification (NuGEN Tech, San Carlos, CA). Primers and probes were obtained as Assays-on-Demand from Applied Biosystems (Foster City, CA) (for details, see Table 4 ). The resulting cDNA was used at 1:20 dilution in three separate real-time PCRs. We used 900 nM forward and reverse primers, and 250 nM FAM-labeled MGB probes. Realtime PCR analysis was performed and the relative abundance of individual transcript expression was calculated by ⌬⌬Ct analysis normalized to 18S RNA. Significance was tested using a two-way, t test on log 2 transformed data.
Assessment of IGF2 imprinting
To investigate possible loss of imprinting in the IGF2 gene, IGF2 transcripts were compared with genomic IGF2 as described previously (Ross et al., 1999) . Both RNA and genomic DNA (gDNA) were extracted from tumor tissue using Trizol (Invitrogen), and RNA was further purified using Qiagen RNeasy columns with DNase treatment. RNA was reverse transcribed using Superscipt II (Invitrogen), and PCR was performed with LA Taq (Takara) on cDNA and gDNA using primers flanking an ApaI restriction fragment length polymorphism. Forward primer was as follows: CTTGGACTTTGAGTCAAATTGG. Reverse primer was as follows: CCTCCTTTGGTCTTACTGGG. PCR products were then digested with ApaI enzyme (50 U; New England Biolabs, Beverly, MA) overnight at 37°C, separated by electrophoresis on a 4% agarose gel, and visualized using SYBR Gold (Invitrogen). After digestion, individual alleles were visualized as either a single 236 bp fragment or 173 and 63 bp fragments (63 bp was not well resolved).
Results
Neurocytoma exhibits a neuronal progenitor phenotype in vivo Neurocytoma has been previously reported as either a neuronal or mixed neuronal and astrocytic tumor (von Deimling et al., 1991; Maiuri et al., 1995; Ishiuchi and Tamura, 1997) . To better define its ontogeny, we immunostained neurocytoma samples derived from a total of 11 patients for a panel of cell-specific proteins, using the normal adult ventricular wall as a point of reference ( Fig. 1 A, B) . Pathologically, the neurocytoma samples were typical of neurocytoma with a histological appearance similar to that of oligodendroglioma (Fig. 1C) . The majority of all neurocytoma tumor cells in every sample examined coexpressed both musashi protein, a Notch-regulated marker of uncommitted neural progenitor cells (Imai et al., 2001) , and ␤III-tubulin and synaptophysin, two early markers of neuronal phenotype (Ishiuchi and Tamura, 1997) . Occasional large cells with extensive fiber arrays, expressing GFAP, were also noted scattered about through the tumor (Fig. 1 D, E) , but no coexpression of GFAP with either ␤III-tubulin or synaptophysin was noted ( Fig.  1 D, inset) . In addition, a small proportion of cells within CN tumors, typically Ͻ5%, expressed the postmitotic neuronal marker Hu (Fig. 1 F) . Whereas ␤III-tubulin expression characterizes premitotic as well as postmitotic neuroblasts (Menezes and Luskin, 1994; Menezes et al., 1995) , Hu expression typifies postmitotic neurons (Barami et al., 1995) , suggesting that a minor fraction of cells within neurocytoma tumors are postmitotic neuron-like cells generated by neoplastic, musashi ϩ progenitor cells (Fig. 1C) . In this regard, we noted no neurofilament heavychain immunoreactivity, suggesting that those Hu ϩ cells generated did not achieve neuronal antigenic maturation or fiber extension within the tumor masses. These observations indicated that neurocytomas are composed predominantly of neuroblasts and their neuronal derivatives, admixed with a minor fraction of GFAP ϩ cells of astrocytic morphology. Neurocytoma contrasted with the normal cytoarchitecture of the adult human ventricular wall, which is comprised of a layer of GFAP ϩ fibers adjacent to the ependymal layer ( Fig. 1 D) . Although TuJ1 ϩ fibers were abundant underlying the GFAP ϩ layer, no cell bodies were observed.
Neurocytomas give rise to both astrocytic and neuronal progeny in vitro
After plating onto monolayers of collagen IV, neurocytoma dissociates were noted to harbor cells of predominantly neuronal, and less so astrocytic, phenotype. Some of the latter expressed GFAP, but Ͼ95% of cells expressed neuronal ␤III-tubulin ( Fig.  2 A, B) . Despite the overwhelming predominance of ␤III-tubulin ϩ neuron-like cells after initial plating, within days thereafter we observed the selective expansion of flat, non-neuronal cells ( Fig. 2 B-D) . These expressed GFAP, and with repetitive passage preferentially expanded to become the dominant phenotype in culture. No coexpression of neuronal and astrocytic markers was ever noted by single cells. Despite the sustained expansion and rapid predominance of GFAP ϩ glia in these cultures, ␤III-tubulin ϩ /Hu ϩ neurons were noted to appear in these cultures as long as they were maintained in culture (Fig. 2 D) , in excess of 2 months (see Fig. 4 D, E).
Sustained culture was associated with expansion of a GFAP
؉ tumor cell
The in vitro expansion of neurocytoma cells led rapidly to the selective enrichment of neoplastic GFAP ϩ cells of astrocytic morphology ( Fig. 3A-F ). These cells exhibited both bizarre and complex morphologies, and divided rapidly in vitro. Although the neuron-like cells of the original tumor mass were rapidly diluted during the first several weeks in culture, and most were lost with passage thereafter, neuron-like cells continued to appear during sustained culture (Figs. 2 D, 3A-D). These neuronlike cells were noted to arise from the cells of astroglial morphology, which otherwise expanded to become the dominant phenotype in these cultures. The GFAP ϩ cells derived from neurocytoma thus appeared to include a persistently neurogenic astroglial progenitor. As such, the neuroblasts of which neurocytoma is mostly comprised in vivo could be viewed either as the progeny of a neoplastic, GFAP ϩ neural stem cell persistent within the tumor mass, or as transit-amplifying progenitors still able to regenerate the parental GFAP ϩ stem cells from which they themselves may have originated, once removed ex vivo and exposed to a mitogenic environment (Doetsch et al., 2002) .
Neurocytoma yielded multipotential neurospheres on repetitive passage
To better assess the lineage and expansion potential of neurocytoma cells, single cells derived from second passage CN cultures were assessed for their ability to generate neurospheres. To this end, we first established the density dependence of CN by serial dilution. When distributed to a 24-well plate at densities of 1000 and 2000 cells ⅐ 0.4 ml Ϫ1 ⅐ well Ϫ1 (2500 and 5000 cells/ml), cell survival was negligible at 1 week, resulting in few or no neurospheres. In contrast, at 4000 cells/0.4 ml (10 4 /ml), 459.5 Ϯ 65.3 neurospheres/well (mean Ϯ SD) appeared by 7 days in vitro (DIV), suggesting an incidence of clonogenic progenitors of 11.5 Ϯ 1.6% (n ϭ 4 cultures) (Fig. 4 A) . When these primary spheres were re-dissociated to single cells and repassaged, secondary spheres were generated over the following month with similar efficiency (Fig. 4 B, C) , suggesting that only a minority of the cells within each expanding neurosphere were serially clonogenic. This in turn suggests that CN cell divisions are asymmetric, with most progeny undergoing terminal differentiation. To assess the differentiated fate of neurocytoma progeny, CN-derived neurospheres were plated onto collagen-coated plates in 10% FBS, and then immunostained 4 d later for ␤III-tubulin and GFAP. Whereas the majority of cells emanating from CN neurospheres were GFAP ϩ , ␤III-tubulin ϩ neuron-like cells were noted in abundance within and migrating from all spheres (Fig. 4D,E) . Thus, CN cells can generate passageable neurospheres, which are clonogenic on dissociation and individually multipotential, retaining the capacity to generate neuron-like cells as well as astrocytes.
FGF2 acts as a mitogen for neurocytoma
Both EGF Morshead et al., 1994; Doetsch et al., 2002) and bFGF (Gensburger et al., 1987; Vescovi et al., 1993; Palmer et al., 1995; Gritti et al., 1996; Pincus et al., 1998b) act as mitogens for neural stem and progenitor cells of the fetal and adult mouse brain. However, in humans, whereas FGF2-dependent signaling has been specifically associated with neural stem cell expansion and neurogenesis (Vescovi et al., 1999; Roy et al., 2000a,b; Arsenijevic et al., 2001; Keyoung et al., 2001) , the role of EGF in this regard has been less clear. To assess the potential mitogenic control of neurocytoma, we exposed cultured CN tumor cells to EGF and bFGF, in both serum-free and low-serum media (Ignatova et al., 2002) . We saw no effect of EGF on acutely isolated neurocytoma cells (data not shown). In contrast, FGF2 exerted a pronounced mitogenic effect on neurocytoma, with a 140% increase in [ 3 H]thymidine uptake in cultures exposed for 1 week to 40 ng/ml FGF2, compared with unsupplemented cultures (F ϭ 6.41 (1, 6 df); p Ͻ 0.05, by ANOVA with Bonferroni's post hoc). CN cells, like primary hu- ϩ astroglia (green) and TuJ1 ϩ neuroblasts (red), in a second passage culture after 7, 14, and 21 DIV, respectively. Progressive time in vitro was accompanied by a relative expansion of astrocytic derivatives. No cells coexpressing GFAP and TuJ1 were ever seen. E, F, A culture double labeled at 56 DIV for TuJ1/␤III-tubulin and Hu, a postmitotic neuronal protein (Barami et al., 1995) , revealed that many of the TuJ1 ϩ cells (green) coexpressed Hu (red nuclei), indicating that neurocytoma cells continued to generate neuron-like cells for extended periods of time in vitro. Scale bar, 30 m.
man neural progenitor cells, were thus responsive to the mitogenic effects of bFGF.
Neurocytoma cells activate the early neural enhancer of the nestin gene
Neural stem and progenitor cells may be recognized by their transcriptional activation of the second intronic enhancer of the nestin gene, a sequence that directs neuroepithelial-specific gene expression (Zimmerman et al., 1994; Kawaguchi et al., 2001b) . We had previously noted that neural progenitor cells may be identified and sorted from both the mouse and human fetal neuroepithelium, as well as from the adult ventricular wall and hippocampus, based on nestin enhancer-directed, GFP-based FACS (Roy et al., 2000a,b; Wang et al., 2000) . On that basis, we asked whether an analogous stage of tumor progenitor might be recognized in neurocytoma by E/nestin-directed GFP expression. To this end, we infected cultured neurocytoma cells with an adenovirus encoding E/nestin:GFP, with the nestin neuroepithelial enhancer placed upstream to an hsp68 basal promoter (Keyoung et al., 2001) . Within 2-3 d in vitro, abundant GFP ϩ cells were noted, which expressed GFP under nestin enhancer control (Fig.  4 F, G) . When transferred to low-density suspension culture, these cells gave rise to small clusters, which on plating generated both neuron-like cells and astrocytes. Thus, E/nestin:GFP identified multipotential neural progenitor cells in neurocytoma, just as in the fetal and adult ventricular wall (Roy et al., 2000a,b; Kawaguchi et al., 2001a; Keyoung et al., 2001) .
Neurocytoma differentially expresses a set of genes associated with neurogenesis
To establish the molecular phenotype of neurocytoma, we assessed the gene expression patterns of three freshly dissected neurocytoma tumors, and compared them with the expression patterns of three nonneoplastic adult human VZ tissue samples, as well as with the expression patterns of isolated VZ neural progenitor cells; the latter were isolated from adult human VZ by E/nestin:GFP-based FACS, as described previously (Roy et al., 2000a) . By defining transcripts expressed by neurocytoma cells, but not by non-neoplastic neural progenitor cells or ventricular wall tissue, this normalization strategy was intended to increase the specific identification of genes associated with neurocytoma oncogenesis from native neural progenitors. To this end, we used Affymetrix U133A arrays to compare the gene expression profiles of neurocytoma samples with those of both sorted human neural progenitor cells, and unsorted normal adult forebrain ventricular zone.
Of a total of Ͼ13,000 examined genes, 5425 were detected as present by microarray analysis in all three neurocytoma cases. We then used paired t tests and a 10% FDR to generate a set of 835 genes differentially expressed by neurocytoma, relative to normal adult VZ (supplemental Table 1 , available at http://www.urmc. rochester.edu/goldmanlab/simkeyoung2006.asp). These CN profiles were also compared with those of adult human VZ cells isolated by E/nestin:GFP-based FACS [referred to as nestin-sorted progenitors (NSPs)]. Using the same paired t tests and 10% FDR, we found that 14% of the expressed genes (755 of 5425) were overexpressed in neurocytoma relative to NSPs (supplemental Table 2 , available at http://www.urmc.rochester.edu/goldmanlab/simkeyoung2006.asp). The intersection of these two data sets yielded a distinct set of 254 transcripts differentially expressed by CN, relative to both native adult VZ tissue and its derived progenitors (supplemental Fig. 1 , available at http://www.urmc.rochester.edu/goldmanlab/ simkeyoung2006.asp). Functional classification according to the Gene Ontology (GO) (www.geneontology.org) consortium revealed that neurocytoma overexpressed a set of 20 genes related to neurogenesis (GO:0007399), which included transcripts such as doublecortin (DCX), jagged 1 (JAG1), tailless (NR2E1), dihydropyrimidinase-like 1 and 3 (CRMP1 and DPYSL3), which collectively suggested a mitotically competent, still uncommitted neural progenitor phenotype.
Neurocytoma differentially expressed ligands associated with tumorigenicity
Genes involved in cell proliferation and oncogenesis were expressed at much higher levels in neurocytoma than in both VZ tissue and sorted native progenitor cells. Of special interest were 15 secreted ligands that were highly expressed in CN, relative to both normal ventricular zone and VZ progenitors. The most differentially overexpressed among these were myostatin (GDF8), PDGFD, IGF2, neuregulin 2 (NRG2), and JAG1 (Table 1) .
GDF8/myostatin was overexpressed by CN at levels Ͼ25-and Ͼ10-fold those of nestin-sorted progenitors and adult VZ tissue, respectively. Interestingly, GDF8 and the closely related GDF11 have been shown to promote neuronal differentiation in the olfactory epithelium (Wu et al., 2003) . GDF8 binds to both the TGF type II receptor Activin receptor IIB (ActRIIB), and the type I receptor ALK4/5 (Activin receptor-like kinase 4/5), to induce phosphorylation of SMAD2/3 and thereby activate the TGF␤ pathway. Furthermore, GDF8 has been shown to specifically block the progliogenic actions of BMP7 (bone morphogenetic protein 7), by binding to ActRIIB (Rebbapragada et al., 2003) . GDF8 overexpression may thus contribute to the neuronal differentiation bias of neurocytoma.
The PDGF family member PDGF-D was overexpressed by CN, 12-and 11-fold relative to nestin-sorted progenitors and adult VZ tissue, respectively. Both subependymal and parenchymal glial progenitors express the ␣ and ␤ PDGF receptors, and PDGF-D overexpression has been implicated in the expansion of both astrocytoma and medulloblastoma (LaRochelle et al., 2002) . Similarly, NRG2 was also selectively overexpressed by neurocytoma, by fourfold and fivefold relative to sorted progenitors and adult VZ tissue, respectively.
In addition to evidence of excessive GDF8, PDGF, and neuregulin signaling in neurocytoma, we also noted significant overexpression of IGF2. Indeed, IGF2 was the most enriched ligand in neurocytoma, exhibiting Ͼ50-fold higher expression relative to the adult VZ, and ϳ10-fold greater expression than that of the native progenitor pool. The phosphatidylinositol 3Ј-kinase component p55␥ (PIK3R3), a downstream component of IGF2 reception, was also significantly upregulated in CN, whereas other components of the pathway, including phosphatidylinositol 3Ј-kinase component p85␣ (PIK3R1), insulin receptor substrate 2 (IRS2), and the IGF-regulated downstream transcriptional regulator FOXO1A, were expressed at higher levels in neurocytoma than nestin-sorted progenitors. These observations were independently validated using real-time RT-PCR of IGF2, p55␥, and IRS2 (see Table 4 ). IGF2 was significantly differentially expressed Ͼ100-fold relative to both NSP and VZ tissue. IRS2 was ϳ25-fold higher in neurocytoma than NSP, whereas p55␥ was Ͼ10-fold differentially expressed in neurocytoma versus both NSP and VZ.
In accord with the gene expression data, we found that IGF2 protein was abundantly expressed by both CN-derived neurospheres and histological sections of neurocytoma (Fig. 5 A, B) . The marked overexpression of both IGF2 and its downstream signal components strongly suggested that dysregulated autocrine signaling by IGF2 might contribute significantly to the genesis and expansion of neurocytoma. Indeed, in the single infor- Microarray analysis was performed on total RNA extracted from three neurocytoma tumor resections, and the resulting expression profiles were compared against both normal adult human ventricular zone tissue (adult VZ) and nestin-sorted progenitors (adult NSP) obtained therein. Genes significantly expressed in neurocytoma were identified by t test against both adult VZ and adult NSP profiles. The union of those genes was then determined to identify a set of dysregulated genes overexpressed in neurocytoma. From the resulting list of 254 genes, 15 genes were annotated by GO and manual functional annotations as secreted growth factors, proteins, or ligands. This table indicates the ratio of neurocytoma gene expression relative to that of adult VZ or adult NSP; expression ratios are shown with SEs and the two-way t test p value. All genes reached statistical significance in both comparisons, using a 10% false discovery rate.
mative case heterozygous for IGF2 among the three tumors for which we had available tissue, we observed a frank loss of imprinting, which has been associated with IGF2 overexpression in a variety of tumors (Ohlsson, 2004) (Fig. 5C ). In that one informative heterozygous case, RT-PCR revealed IGF2 transcripts generated from each of the two alleles identified by PCR on genomic DNA. This biallelic expression indicates a loss of IGF2 imprinting, similar to that which has been noted in other cancers associated with IGF2 overexpression (Zumkeller and Westphal, 2001; Kaneda and Feinberg, 2005; Sakatani et al., 2005) .
Neurocytoma differentially expressed receptors associated with stem cell expansion and differentiation
Among the 254 transcripts differentially expressed by neurocytoma relative to both adult ventricular zone and nestin-sorted adult progenitors, Gene Ontology analysis disclosed 35 overexpressed receptors and intracellular signaling components (Table  2 ). In addition to the overexpressed components of the IGF2 signaling pathway, neurocytoma overexpressed the Wnt coreceptor frizzled-1, as well as the Wnt signaling intermediates TCF4, a transcription factor required for canonical Wnt-dependent gene expression (Fig. 6 , Table 3 ). The expression of both frizzled-1 and TCF4 was confirmed by quantitative PCR (Table 4) . Specifically, we confirmed that frizzled-1 was expressed Ͼ10-fold higher in neurocytoma than in E/nestin-sorted progenitors [11.2-fold (12.8 -9.8 In addition, neurocytoma overexpressed the nuclear receptors tailless (NR2E1) and retinoid X receptor ␣ (RXRA), each of which has been implicated in neurogenesis. The overexpression by neurocytoma of tailless was of special interest, because tailless contributes to the undifferentiated self-maintenance of neural stem cells (Shi et al., 2004) . In addition, CN selectively overexpressed FGFR3, the activity of which has been implicated in progenitor cell differentiation and oligoneogenesis (Bansal et al., 2003) .
In addition to these cell genesis-associated receptors, CN selectively overexpressed a number of membrane receptors of note. These included a novel GPCR (G-protein-coupled receptor), GPR1, as well as several transmitter receptors, most notably those for GABA (GABRB1, the GABA A receptor) and acetylcholine (CHRNA3). The overexpression of the GABA A receptor by CN cells is of particular note given the newly described role of GABA A in negatively regulating the postnatal expansion of subventricular zone neural progenitor cells (Liu et al., 2005) .
Neurocytoma transcription factors suggested proneuronal transformation
Gene Ontology analysis and manual annotation further revealed 40 transcription factors differentially overexpressed by neurocytoma (Table 3 ). As noted, the transcription factor TCF4 (TCF7L2), a primary effector of WNT activation, was highly expressed by neurocytoma, as was the wnt receptor FZD1, suggesting the tonic overactivation of canonical WNT signaling in these cells. Yet among all overrepresented transcription factors in neurocytoma, the most differentially expressed compared with adult NSPs was FOXG1B/BF1. This winged helix-loop transcription factor was expressed at levels Ͼ300-fold higher in neurocytoma than in native, E/nestin-sorted VZ progenitors. During normal development, BF1 is expressed by telencephalic neuronal progenitors, and modulates both cell cycle and neuronal differentiation (Hanashima et al., 2002) , at least in part by interacting with HES1 to repress transcription of bHLH (basic helix-loop-helix) proneural genes (Yao et al., 2001) . BF1 overexpression by CN is thus compatible with persistent expression of HES1 by neurocytoma, and would seem likely to contribute to the maintenance of its progenitor phenotype. Moreover, the effects of BF1 and HES1 in supporting progenitor cell renewal may be aided by the relative overexpression of SOX2, SOX4, and SOX11 by neurocytoma. SOX2 in particular has been implicated in neural stem cell maintenance (Zappone et al., 2000) and may act in parallel with HES1 to maintain the progenitor phenotype (Kan et al., 2004; Wegner and Stolt, 2005) .
The helix-loop-helix transcription factors nascent helix-loophelix 1 and 2 (NHLH1 and NHLH2) were also very significantly expressed in neurocytoma, compared with the adult human VZ (22-and 15-fold higher, respectively), and to sorted native progenitors (each Ͼ50-fold). Like BF1, both NHLH1 and NHLH2 are expressed in the ventricular zone during embryonic development, but are then downregulated, suggesting that neurocytoma inappropriately recapitulates the transcription factor cascade of the developing VZ (Begley et al., 1992; Gobel et al., 1992) .
Discussion
Neurocytoma tumors are relatively homogeneous, including cells almost entirely of neuronal antigenicity. Both in vivo and in vitro, neurocytoma cells divide and expand to generate proneuronal progeny that express musashi and ␤III-tubulin, an expression pattern similar to the neuronally committed transit amplifying progenitors of the adult subependyma. Some mature to express the Hu proteins as markers of postmitotic neurons, although the low incidence of Hu ϩ cells in neurocytoma suggests that postmitotic neurons generated within these tumors die quickly after their genesis. When removed from the subependymal environment to culture, neurocytoma cells expressed E/nes- ϩ neurocytoma cells coexpressed IGF-2. DAPI, 4Ј,6Ј-Diamidino-2-phenylindole. C, Southern blotting of neurocytoma genomic DNA coupled with PCR of RNA derived from the same tumor revealed a loss of IGF2 imprinting in the one informative heterozygous case (AB; left). PCR revealed IGF2 transcripts generated from each of the two alleles (right); such a loss of IGF2 imprinting is associated with IGF2 overexpression (Ohlsson, 2004) . Scale bar, 40 m.
tin:GFP, divided in response to bFGF, and generated neurospheres, which in turn gave rise to both neurons and astrocytes. The high incidence of neurospheres arising from native neurocytoma cells, Ͼ11%, suggested that the dominant musashi ϩ /␤III-tubulin ϩ proneuronal cells of the neurocytoma were individually capable of regenerating bipotential neuron-astrocyte neural stem cells in vitro, in a manner analogous to that of transit amplifying neuronal progenitor cells of the adult subependyma, specifically those designated as type C cells by Alvarez-Buylla and colleagues (Doetsch et al., 2002) . Consistent with this hypothesis, we noted that neurocytoma cells expanded in vitro principally as a highly fibrous, GFAP ϩ astroglial phenotype, which within several passages emerged by selective expansion as the predominant phenotype of neurocytoma. These GFAP ϩ cells assumed extraordinary morphologies in vitro, with large and highly fibrous cell bodies; they were remarkably similar in appearance to the few GFAP ϩ cells noted within the neurocytomas in vivo. Notably, cultures of these cells continued to generate apparent postmitotic Hu ϩ neurons as long as 2 months in vitro. Together, these observations suggest that the major phenotype of central neurocytoma may be lineally derived from a GFAP ϩ cell of astrocytic morphology. The latter may serve as a tumor stem cell, giving rise to proliferative but neuronally committed progeny in vivo. However, the neuronal restriction of the latter in vivo, and the exquisite environmental regulation of these cells, whose removal to culture was associated with rapid glial differentiation, suggests that central neurocytoma may represent a neoplastic manifestation of transit-amplifying neuronal progenitor cells. In the normal adult brain, the latter derive from GFAP ϩ subependymal progenitor cells, and can effectively de-differentiate when reexpanded ex vivo to regenerate Functional annotation using GO and National Center for Biotechnology Information (NCBI) databases, identified a cohort of 35 overexpressed receptor-type genes in the neurocytoma profiles. This list contains cell surface growth factor type, neurotransmitter, and ion channel-type receptors and intracellular signal pathway components. The expression ratio relative to adult VZ or adult NSP are shown with SEs and the two-way t test p value. All genes reached significance in both comparisons using a 10% false discovery rate.
Figure 6. Dysregulated IGF2 signaling in neurocytoma may regulate tumorigenesis. Differentially overexpressed genes in the IGF2 and wnt pathways, noted in yellow and blue, respectively. Our transcriptional analysis suggests that the genesis of CN from native progenitor cells may involve IGF2 overexpression, possibly via loss of imprinting, and excessive IGF2 receptor activation. We hypothesize that the IGF2 signal may cooperate with frizzled3 signaling to potentiate ␤-catenin translocation and signaling through TCF/LEF.
their parental stem cell pool (Doetsch et al., 2002) . As such, the transit-amplifying neuronal progenitor cell appears quite similar in its behavior and antigenicity to the predominant phenotype of central neurocytoma.
Mitotic subependymal progenitor cells are distributed widely throughout the ventricular lining of the adult vertebrate forebrain (Morshead et al., 1994; Kirschenbaum and Goldman, 1995; Weiss et al., 1996) . These cells are widely distributed throughout the postnatal and adult rodent ventricular systems; analogous progenitors persist in the human forebrain as well (Kirschenbaum et al., 1994; Pincus et al., 1998b; Roy et al., 2000a; Sanai et al., 2004 ). Yet despite the widespread distribution of progenitors in the adult rat brain, new neurons are actually produced in only a few sites, including the wall of the lateral ventricle, from which new neurons migrate to the olfactory bulb in rodents, and the hippocampus (Goldman, 1998; Gage, 2000 Gage, , 2002 . The restric- Regulators of transcription including DNA-binding transcription factors were identified by functional annotation using GO and NCBI databases. Forty distinct transcriptional regulators were identified as overexpressed in neurocytoma. This list includes classic transcription factors, as well as regulators of chromatin structure and telomere function. The expression ratio relative to adult VZ or adult NSP are shown with SEs and the two-way t test p value. All genes reached significance in both comparisons using a 10% false discovery rate. Expression of differentially expressed IGF2 and selected WNT components was validated by real-time RT-PCR analysis. After whole transcriptome ribo-single primer isothermal amplification, and normalization to 18S ribosomal RNA, ⌬Ct values were compared to control samples (either adult VZ tissue or adult NSP), and significance was assessed by t test statistics. After anti-log 2 transformation, mean ratios of expression and Ϯ 1 SE ranges were calculated from ⌬⌬Ct values.
tion of neurogenesis to these few sites reflects the persistence of discrete environmental niches for neurogenesis. The latter appear to be defined and maintained, at the very least, by both local angiogenesis, and active suppression of local bone morphogenetic protein activity by noggin (Lim et al., 2000; Palmer et al., 2000; Louissaint et al., 2002; Chmielnicki et al., 2004) . The neuronal restriction of most neurocytoma may therefore reflect the local restriction of tumor daughter cells to neuronal lineage, by virtue of a local imbalance of differentiative cues favoring neuronal ontogeny, or may instead reflect a cell-autonomous program of neuroblastic differentiation. But the multipotentiality of CN cells raised in vitro, their ready generation of astrocytes and apparent derivation therefrom, suggest that CN cells indeed remain exquisitely sensitive to their local environment. As such, one may predict the provision of a permissive environment for neurogenesis in the CN ventricular wall. Our results suggest that neurocytoma derives from a neoplastic GFAP ϩ cell, which can undergo selective expansion when removed to culture, and which is able to regenerate itself as well as additional neuroblasts. Accordingly, our gene expression data support that central neurocytoma is a tumor of transitamplifying neuronal progenitor cells. These cells remain environmentally biased to neuronal lineage, and hence may exhibit phenotypic degradation when removed from their subependymal environment. Unfortunately, the rarity of these tumors precluded our acquisition of sufficient live tumor for GFAP-based selection and transplantation, so whether transplanted of isolates of the GFAP ϩ subpopulation would have been sufficient to transmit the tumor to naive hosts could not be evaluated. That being said, our results strongly suggest the possibility that the neuroblasts that comprise the bulk of cells within central neurocytomas derive from a GFAP ϩ subependymal progenitor cell, either directly so or by the expansion thereafter of phenotypically restricted neuroblasts derived from that subependymal progenitor.
The close relationship of neurocytoma cells to neural progenitor cells of the adult ventricular zone was apparent in the large proportion of genes whose expression was shared by neurocytoma with both normal ventricular zone and its derived neural progenitor cells. On that basis, the differential expression of a restricted cohort of genes in neurocytoma, relative to the adult VZ, allowed us to define a set of genes potentially involved in the oncogenesis of neurocytoma from native neural progenitor cells. This analysis revealed the potential involvement of a number of dysregulated signaling pathways in neurocytoma. Neurocytoma was especially notable for its differential overexpression of IGF2, especially so when compared with normal adult human ventricular zone cells. IGF2 has been implicated as a primary oncogene in non-neuronal tumors such as Wilm's tumor, in which overexpression leads to oncogenesis via either loss of repression by WT1, or by a loss of genomic imprinting (O'Dell and Day, 1998) . In addition, IGF2 overexpression is manifested by other CNS tumors, including periventricular heterotopias and medulloblastoma (Ogino et al., 2001; Hartmann et al., 2005) ; in the latter, IGF2 overexpression may also result from a patched mutationassociated dysregulation of hedgehog signaling (Hahn et al., 2000) . Interestingly, in the single informative heterozygous case that we studied, IGF2 expression failed to manifest imprinting (Fig. 5C) . Such a loss of IGF2 imprinting has been associated with tumorigenesis in a variety of systems. IGF-1 overexpression has already been associated with increased nuclear translocation of ␤-catenin, which may in turn support dysregulated growth by affected cells (Playford et al., 2000; Morali et al., 2001) . Our data suggest that excessive IGF-2 signaling may have a similarly important role in supporting the genesis and growth of neurocytoma. Moreover, the relative overexpression by neurocytoma of both the Wnt receptor frizzled3 and its nuclear effector TCF4, whose activity is regulated by ␤-catenin availability, raise the possibility that IGF2 and Wnt/frizzled-dependent signals may cooperate to potentiate neurocytoma tumorigenesis (Fig. 6) .
From the therapeutic standpoint, we also noted the selective upregulation of PDGFD and neuregulin ligand expression by neurocytoma. Each of these has been implicated in the genesis of other systemic tumor types, and inhibitory reagents have already been developed for each as clinical antineoplastics. In particular, NRG2 is expressed not only by neural tumors, but also by breast cancers (Dunn et al., 2004) , for which therapy aimed at HER2 receptor blockade via the blocking antibody Trastuzumab (Herceptin; Genentech, San Francisco, CA) has already proven efficacious. Similarly, the PDGF receptor is a target of several multifunctional antineoplastics, such as imatinib (Gleevec; Novartis, Basel, Switzerland) and SU11248 (sunitinib malate) (Fiedler et al., 2005) , each of which includes the PDGF tyrosine kinase among its principal targets. The identification of these ligands and their cognate pathway components as overexpressed in CN cells suggests their appropriateness as targets for therapeutic suppression not only in neurocytoma but also in the wider set of periventricular tumors of which neurocytoma is representative. Moreover, it is important to note that the identification of these pathways as specifically and differentially active in neurocytoma was made feasible by the direct comparison of neurocytoma gene expression to that of native adult ventricular zone progenitor cells. This direct comparison of the expression profile of a mostly homogeneous tumor phenotype with that of the non-neoplastic progenitor phenotype from which it likely derives, provides us a powerful platform for the discovery of genes causally involved in the neoplastic transformation of tissue-specific stem and progenitor cells.
